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SUMMARY
D ata from the literature on the equilibrium between urea and cyanate which 
were difficult to combine, have been correlated by computer calculation. Accumula- 
tion of cyanate in urea solutions was quantitatively studied at different temperature 
and pH.
INTRODUCTION
The interaction of urea with proteins and polypeptides has been studied by  
many workers' fi. High concentrations of this compound destroy non-covalent inter­
action in proteins. This structure is assumed to result from hydrogen bonds, coulombic 
forces and hydrophobic interaction. Although the individual forces are very weak as 
compared with covalent bonds, their sum causes the very stable configuration of 
various proteins.
The use of buffers containing urea in gel electrophoretic. techniques has become 
a very useful tooi in the study of subunit structure of proteins. In connection here- 
with the relevance of multiples zones frequently observed in gel electrophoresis per- 
formed in urea-containing buffers has to be envisaged. That the dissociation of 
proteins into subunits b y the action of urea m ay be accompanied b y the formation 
of cyanate has been stressed earlier7' 9.
In the present paper we demonstrate that taking into consideration the kinetic 
data from the literature a calculation of the cyanate content in aqueous solutions of 
urea is possible. The accumulation of cyanate in aqueous solutions of urea is the net 
result of the reversible decomposition of cyanate yielding ammonium and carbonate 
ions10-14. The kinetics o f these reactions have been reviewed b y  F r o s t  a n d  P e a r s o n 15.
* Present address: Department of Inorganic Chemistry, University of Amsterdam, Amster­
dam, The Netherlands.
** To whom requests for reprints should be addressed.
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In the ideal case carbamylation of the free amino groups of a protein in urea 
solution is prevented. The solution used should then be completely free of cyanate 
ions16-18. This means that in practice the cyanate concentration has to be kept as 
low as possible.
METHODS AND CALCULATIONS
an aqueous solution of urea:
(1)
(2a)
(2b) (2)
(2 C)
Reaction ( + 1 )
K e m p  a n d  K o h n s t a m 19 have measured the rate of decomposition of urea in 
aqueous solutions at 6o°. S h a w  a n d  B o r d e a u x 20 have studied this reaction at 
temperatures between 60 and 100° in neutral and in acid aqueous solutions. From the 
experimentai values given in their articles we were able to calculate rate constants 
at different temperatures by applying the Arrhenius equation. The obtained values 
are summarized in Table I.
TABLE I
C A L C U L A T E D  R A T E  C O N S T A N T S  A + x O F T H E  D E C O M P O SIT IO N  O F U R E A  IN  A Q U E O U S  S O L U T IO N S
H  — 31.8 kcal/mol.
Temp. k+1 (sec - 1) k +1 (min +1)
o° 5 .90- IO - l a 3.54- IO-1»
180 2.30- IO-10 1 .38- I O -8
2 5 ° 8.40- IO - 1 » 5.04- IO -8
6o° 2.37 - IO - ’ 1 .42- IO-5
70° 8.80 ■ IO - 7 5.28- I O -5
80° 3.60 • IO - 7 2.IÓ- IO-1
IO O ° 4.00- IO-6 2.40- IO - 3
Reaction ( —1 )
The conversion of ammonium cyanate into urea has extensively been studied 
b y kinetic methods. W a l k e r  a n d  H a m b l y 21 found the reaction to be second order 
whereas the rate expression is given by:
Rate =  k_, [NH +; [NCO- ].
It has been pointed out22 that due to the equilibrium between the possible 
pairs of reactants:
N H ,4 +  NCO- ^  NHS +  HNCO
The following reactions occur in 
k+i
(NH2)aCO NH4+ +  NCO-
HNCO +  H sO +-----NH,+ +  COa
HNCO +  H20  -----v NH, +  CO,
A2c
NCO-  +  2H20  —^  NH, +  HCOa-
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the ionic and molecular mechanism are kinetically indistinguishable. However, at 
present the non-ionic mechanism is accepted as the more probable one. This has been 
concluded from the analogy between this reaction and the formation of substituted 
ureas from ammonia and organic isocyanates18.
The reaction of cyanic acid with several amines has been studied b y  J e n s e n 23 
and in the special case of amino acids and peptides b y  S t a r k 24. For our calculations 
we used the values of the rate constants of the formation of urea from ammonia and 
cyanic acid obtained by J e n s e n 23 at i8 ° at an ionic strength of I  =  0.20 and by  
K e m p  a n d  K o h n s t a m 19 at 6o° and 8o° at an ionic strength I  =  0.25. As the rate 
constants are dependent on the ionic strength we had to trarisform the results of 
J e n s e n  to an ionic strength I  =  0.25 using activity corrections obtained from the 
D ebye-H ückel expression25:
- lQg ƒ =  . p / r =  5 A)i  +  aB^JI
The rate constants of the conversion of ammonium cyanate into urea at different 
temperatures were obtained by applying the Arrhenius equation. The results are 
summarized in Table II.
T A B L E  I I
C A L C U L A T E D  R A T E  C O N S T A N T S  ft_ x O F T H E  C O N V E R S IO N  O F A M M O N IU M  C Y A N A T E  IN T O  U R E A  IN  
A Q U E O U S  S O L U T IO N S  A T  A N  IO N IC  ST R E N G T H  I =  O.25
H  =  2 2 .7  k c a l /m o l .
Temp. A_! (M -'-sec  - 1) (M~l • m in ~l)
0° 7 .70- IO -7 4.62- IO -6
18° 9.30- 10“* 5.58- 10-4
25° 2.30- IO - 5 1 .38- IO - 3
6o° 1.25 • IO - 3 1 .50- IO _a
7 0 ° 3.40- I O - 3 2 .04- IO - 1
8o° 9.22 • IO - 3 5-53'IO-1
IO O ° 5.00- IO_a 3.00
Reaction ( i )
The equilibrium constant of the urea-ammonium cyanate equilibrium:
K = k + i =  [N H 4+] [NCO-]
* -i “  [(NHJ.CO]
has been calculated at different temperatures and at an ionic strength I  — 0.25 from 
the results of Table I and Table II (Table III).
The calculated value of the equilibrium constant at 250 agrees reasonably with 
the value obtained earlier b y L e w is  a n d  R a n d a l l 17 : 3.02 • io~5.
From Table III  it can be seen that a raise of the temperature from 0 to ioo° 
results in an increase of the equilibrium constant with a factor 100 and consequently 
of the relative amount o f cyanate b y  a factor 10. Furthermore it can be derived from 
Table I and Table II that the time required for reaching the equilibrium state is 
reduced b y  a factor io 5. Hence it is clear that the temperature should be low when 
the formation of cyanate has to be kept at a low level.
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TABLE III
C A L C U L A T E D  E Q U IL IB R IU M  C O N S T A N T S  O F T H E  U R E A —A M M O N IU M  C Y A N A T E  E Q U IL IB R IU M  IN 
A Q U E O U S  S O L U T IO N S  A T  A N  IO N IC  S T R E N G T H  I =  0 .2 5
H  =  — 9 . 1  k c a l / m o l .
Temp. Equilibrium constant, K  x  io s (M )
o °  0 .7 6
1 8 0 2 .4 8
25° 3-65
6 o °  i g . o
7 ° °  2 5 .9
8 o °  3 9 .0
i o o °  8 0 .0
TABLE IV
T H E  D E C O M P O SIT IO N  C O N S T A N T S  O F C Y A N IC  A C ID  A N D  C Y A N A T E  A C C O R D IN G  TO  T H E  R E A C T IO N S  
( 2 a ) ,  (2 b )  A N D  (2 c )  A T  A N  IO N IC  S T R E N G T H  I  =  0 .2 5
Temp. kia (M -i'tnin - 1) k2f, (m in  -1) (minr1)
0° 0.69 0.011 2 .74 -io~8
180 3*^° 0.066 4.06* io~7
25° 6.70 o. 112 10 .7-10 -7
TABLE V
D IS S O C IA T IO N  C O N S T A N T S  O F C Y A N IC  A C ID , A M M O N IA  A N D  W A T E R  A T  A N  IO N IC  ST R E N G T H  I  =  0 .2 =;
Temp. HNCO (p K a) N H 3 (pK„) H 20  (p K w)
2 0 °  3 .4 3  1 0 .0 8  1 4 .8 1
2 5 ° 3 -4 2  9 -2 4  1 3 .8 7
Reaction (2)
The kinetics of the decomposition of cyanic acid and cyanate into ammonia 
and C0 2 has been studied under several conditions14’19’27. In our calculations we made 
use of the experimental results of L is t e r s 14 and J e n s e n 27. Corrections for the activity  
coefficients were made in order to obtain the values at an ionic strength I  =  0.25. 
The resulting rate constants are summarized in Table IV.
A t a fixed pH the effective rate of decomposition of cyanic acid (i.e. k2 =  k2& +  
k2b +  k2C) m ay be calculated from the results of Table IV  and with the aid of the 
ionization constants of cyanic acid14-27-28, ammonia29 and water. The values of these 
constants at ionic strength I  =  0.25 are given in Table V.
From the data collected in Tables IV  and V  we calculated the value of k2 at 
different hydrogen ion concentrations and at two different temperatures (Table VI).
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TABLE VI
C A L C U L A T E D  R A T E  C O N S T A N T S  O F  T H E  R E A C T IO N  S C H E M E :
k+1
(NH2)2CO NH4+ +  NCO-
3 7 °  p . h a g e l  et al.
« - 1
NCO- +  2H20 ----->■ NH4+ +  CO„2-
Tem p . (° ) p H k+1 (m in*1) A_, ( k2 ( m in_1)
2 5 ° 1 0 .0 5 .0 4 -  IO - 8 2 .0 4 -  IO - 4 I . I O *  IO -8
9 .0 5 .0 4  - i o -8 8 . 1 5 - I O - 1 1 . 3 1  • IO - 6
8 .0 5 . 0 4 - I O -8 1 . 3 1  ■ IO - 3 4 .0 2  ■ IO - 8
7 .0 5 . 0 4 - IO -8 1 . 3 7 - IO - 3 3 .0 6 -  I O -5
6 .0 5 . 0 4 - IO - 8 1 .3 8 -  IO - 3 2 .9 6 -  IO - 4
5 -o 5 .0 4 -  IO -* 1 . 3 5 - I O - 8 2 .9 5 -  IO -3
4 .0 5 . 0 4 - IO - 8 I .O I  • I O - 3 2 .9 6 -  IO - ï
o ° 1 0 .0 3 . 5 4 - IO -10 2 .5 2 -  i o - * 3 .0 -  I O -8
9 .0 3 -5 4  - i o - 10 4 . 2 7 - I O - 8 5 -7 - 10 -8
8 .0 3 . 5 4 - IO -10 4 .5 8 - I O - 5 3 .2 3  - 1 0 -7
7 .0 3 -5 4 '  1 0 -10 4 . 6 1 -  IO - 5 3 .0 0 -  I 0 “ *
6 .0 3 . 5 4 - i o - 10 4 . 6 - 1 0 -5 2 .9 6 -  IO - 5
5 -o 3 . 5 4 - IO - 1 » 4 . 5 - I O " 5 2 .9 6 -  IO - 4
4 .0 3 .5 4  IO -10 3 . 6 - IO -5 2 .9 6 -  IO -3
3-0 3 . 5 4 - I O " 10 1 .2 5 - I O - 5 3 .1 6 -  IO _ a
Calculation of the cyanate concentration
From the reactions (i) and (2) it can be derived that the differential equation 
of the formation of ammonium ions and cyanate ions in an aqueous solution of pure 
urea at a given pH, ionic strength and temperature becomes:
d[NCQ-]
------------ =  A+1[(NH2)2CO] -  * -1[NH,+] [NCO- ] -  A,[OCN ]
at
d[NH4+]
----------- =  A+1[(NH2)2CO] -  A-j[NH4+] [NCO-] +  A,[OCN-]
at
At zero time: [NCO- ] =  o and [NH,+] =  o.
These differential equations cannot easily be resolved. For that reason we 
developed a computer program (Algol 60) which enabled us to obtain a numerical 
solution of these equations. This solution gives the concentration of cyanate as a 
function of temperature and time.
RESULTS
Tables I -V I  and Figs. 1 -4  summarize our results. The results represented in 
Tables I—VI have beën discussed above. Figs. 1 and 2 give graphic representations of 
the accumulation of cyanate in 8 M urea at a temperature of 0 and 250 after prölonged 
standing. Figs. 3 and 4 show the accumulation of cyanate in 8 M 'urea after 3 days 
The calculations have been carried out for 8 M urea. In the range from 1-9  M urea 
(the most important in protein chemistry) tbiëre exists a linear relationship between 
cyanate'and'utféa concentration. Hence the cyanate concentration in aqueous Solu­
tions of 1-9  M urea can be easily derived from Figs. 1-4.
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Fig. i. The accumulation of cyanate in an aqueous solution of 8 M urea at 250 and I  =  0.25 over 
a period of two months. I, pH 4 ; II, pH 5 ; III, pH 6 ; IV, pH 7 ; V, pH > 8.
Fig. 2. The accumulation of cyanate in an aqueous solution of 8 M urea at 0° and I  =  0.25 over 
a period of two months. I, pH 3 ; II, pH 4 ; III, pH 5 ; IV, pH 6 ; V, pH > 7 .
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Fig. 3. The accumulation of cyanate in an aqueous solution of 8 M urea during the first three 
days at 250. I, pH 4 ; II, pH 5 ; III, pH 6 ; IV, pH 7 ; V, pH > 8.
Fig. 4. The accumulation of cyanate in an aqueous solution of 8 M urea during the first three days 
at o°. I, pH 3 ; II, pH 4 ; III, pH 5 ; IV, pH 6 ; V, pH > 7 .
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